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CamptothecinHeat shock factor protein 4 (HSF4) is expressed exclusively in the ocular lens and plays a critical role in the
lens formation and differentiation. Mutations in the HSF4 gene lead to congenital and senile cataract. How-
ever, the molecular mechanisms causing this disease have not been well characterized. DNA damage in
lens is a crucial risk factor in senile cataract formation, and its timely repair is essential for maintaining the
lens' transparency. Our study ﬁrstly found evidence that HSF4 contributes to the repair of DNA strand breaks.
Yet, this does not occur with cataract causative mutations in HSF4. We verify that DNA damage repair is me-
diated by the binding of HSF4 to a heat shock element in the Rad51 promoter, a gene which assists in the ho-
mologous recombination (HR) repair of DNA strand breaks. HSF4 up-regulates Rad51 expression while
mutations in HSF4 fail, and DNA does not get repaired. Camptothecin, which interrupts the regulation of
Rad51 by HSF4, also affects DNA damage repair. Additionally, with HSF4 knockdown in the lens of Zebraﬁsh,
DNA damage was observed and the protein level of Rad51 was signiﬁcantly lower. Our study presents the
ﬁrst evidence demonstrating that HSF4 plays a role in DNA damage repair and may contribute a better under-
standing of congenital cataract formation.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Cataract is a clouding in the lens of the eye and prevents light rays
from passing through the lens and focusing on the retina. It remains
the leading cause of blindness worldwide, especially in developing
countries (www.who.int/blindness/causes/en/).
Cataract formation appears to have a multifactorial etiology. These
include a long term exposure to ultraviolet light, oxygen-induced
DNA damage in the lens, and secondary complications from diseases
such as diabetes, hypertension as well as trauma or an advanced
age [1–4]. Genetic factors, such as polymorphisms in a DNA repair
gene, Xeroderma Pigmentosum Complementation Group (XPD) can
predispose someone to cataracts at an earlier age, called senile cata-
ract [5,6]. Deﬁning the genetic pathways and mutations in DNAcular Biophysics of Ministry of
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iology, Chinese Academy of
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l rights reserved.involved in the generation of cataracts may lead a better understand-
ing of this disease.
Cataracts may be caused primarily by damage to the DNA. Sponta-
neous double strand breaks (DSBs) inevitably occur during normal
cellular processes. The repair of DSB in eukaryotic cells occurs primar-
ily through two pathways, non-homologous end joining (NHEJ) and
homologous recombination (HR). Without the latter, spontaneous
DNA damage accumulates and results in genomic instability. HR is
relatively more accurate than NHEJ as it uses the intact sister chro-
matid as the template. Ordinarily when DSBs are detected, Ataxia
Telangiectasia Mutated (ATM) Kinase recognizes and phosphorylates
the 139-serine of histone H2AX (γ-H2AX) near DSBs. The heterotri-
meric protein complex consisting of Mre11, Rad50 and Nbs1 (MRN)
recruited by γ-H2AX generates 3′ single-stranded DNA (ssDNA) tails,
which associates with ssDNA-binding protein replication protein A
(RPA), and the recombinase Rad51, at the core of the HR, relocates
and replaces the PRA protein. Finally, the Rad51–ssDNA ﬁlament fa-
cilitates the invasion of homologous double-stranded DNA (dsDNA)
and strand exchange occurs [7–10]. Consequently, damaged DNA is
repaired.
Many signaling pathways are also involved in DNA repair. The ERK
signaling pathway repairs DNA double strand breaks (DSBs) through
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ATM kinase. Furthermore, the phosphorylation of HSF4 by the extra-
cellular signal-regulated kinase (ERK) pathway increases the HSF4-
DNA binding ability [11,12]. The DNA repair gene Nijmegen breakage
syndrome (NBS1) is a component of the Mre11/Rad50/Nbs1 (MRN)
complex, which rejoins the DNA DSBs by directly binding to H2AX.
Targeted disruption of NBS1 in the lens of mice leads to abnormal
lens ﬁber cell differentiation and cataract [13,14]. Additionally, a re-
cent study by Wu et al. showed that the Heat Shock Factor Protein 4
(HSF4) protein level was induced by the NBS1 protein [15].
HSF4 is a protein that is encoded by the HSF4 gene. Heat-shock
transcription factors (HSFs) activate heat-shock response genes
under conditions of heat or other stresses and bind to heat shock ele-
ments (HSEs). Mutations in HSF4 are responsible for both congenital
and senile cataract [16,17]. Interestingly, mice with the knock-down
of HSF4 have cataract due to an increased proliferation of epithelial
cells (LECs) in the lens as well as an abnormal lens ﬁber cell differen-
tiation. Of note, the expression of other DNA damage response genes,
such as REV1-like, Trex1 and Ddit3 in HSF4-null mice also have an ab-
normal levels [18,19]. Maintaining the integrity of DNA is crucial for
the prevention of cataract formation.
When cells are exposed to agents that damage DNA, Rad51 mRNA
and protein levels increase. High levels of Rad51 suppress recombina-
tion defects, which lead to genomic instability. Moreover, embryonic
mice with disrupted Rad51 have slowed growth and lethality as well
as an accumulation of chromosomal breaks followed by cell death
[20,21]. It has been reported that the abnormal expression of Rad51
correlates with various tumors [22,23]. Thus, the control of Rad51 ex-
pression is essential for maintaining the genomic stability in response
to agents that damage DNA.
The present study demonstrates that HSF4 promotes the repair of
DNA damage, but the HSF4 mutants that cause cataract fail to do so.
HSF4 binds to an identiﬁed cognate HSE cis-element of the Rad51 pro-
moter and induces the expression of Rad51. This induction is
disrupted by HSF4 mutations. Cells under environmental insult are
noted to have HSE inactivated, a decreased expression of Rad51, and
thus a restricted repair of DNA. The proposedmechanism of HSF4's in-
duction of cataractogenesis has been conﬁrmed by a zebraﬁsh model
where HSF4 knockdown leads to a signiﬁcant decrease in Rad51 pro-
tein levels. Consequently, this leads to the accumulation of damaged
DNA in the lens. In summary, our data suggest that the spontaneous
DNA damage accumulation due to the decrease of Rad51 protein
may be responsible for the HSF4 related cataractogenesis.
2. Materials and methods
2.1. Cell lines, cell treatment, plasmids and Antibodies
Human lens epithelial (HLE) cells [24] were maintained in DMEM
medium containing 10% FBS (Invitrogen). To induce the damage of
DNA and the repair response, HLE cells were treated with 1 μM Camp-
tothecin for 12 hours. The whole length of HSF4 and Rad51 cDNAs
were obtained from HLE cells by RT-PCR, and Rad51 was cloned into
p3×FLAG-CMV™-10 expression vector (Sigma). To make pEGFP-N1-
HSF4-WT plasmid, DNA fragments containing HSF4 were inserted into
pEGFP-N1 plasmids (Invitrogen). All the HSF4 mutations and deletions
fused with a GFP tag were introduced by the QuikChange site-directed
mutagenesis kit (Agilent Technologies). The antibodies against caspase3
and Rad51 were purchased from Epitomics, Inc., California. And the
γ-H2AX antibody was obtained from Signalway Antibody Co., Ltd.
2.2. RT-PCR and Western-blot analysis
For qRT-PCR analysis, 1 μg of total RNA was utilized for the reverse
transcription with MLV reverse transcriptase (Invitrogen). Then, the
obtained cDNA was used as the template for real time PCR withPower SYBR® Green PCR Master Mix (ABI) and analyzed with the Ap-
plied Biosystems 7500 Real-Time PCR System. Rad51 and beta-actin
were ampliﬁed using the following primers, 5′-GCGTTCAACACAGA-
CCACCAGAC-3′ and 5′-GGGCGGTGGCACTGTCTACAA-3′ for Rad51,
and 5′-TGACGTGGACATCCGCAAAG-3′ and 5′-CTGGAAGGTGGACA-
GCGAGG-3′ for actin.
For Western-blot analysis, cells were harvested in lysis buffer
(20 mM Tris, 150 mM NaCl, 1% Triton X-100) containing protease in-
hibitor cocktail (Roche). The cell lysate was applied for the standard
immunoblot analysis after sonication and centrifugation. The proce-
dure details were conducted as described previously [25].
2.3. Luciferase assay for Rad51 promoter
The following primer pairs with added restriction sites (MluI and
XhoI) were used to generate the reporter gene constructs driven by
the Rad51-promoter: forward, 5′-GCATACGCGTGGCGATAGAGCAA-
GACAAAATGAATA-3′, 5′-GCATACGCGTGCTGGTCTTGAACTCCTGAACT-
TAG-3′, 5′-GCATACGCGTTCCGGGTTGAAGCCATTTAC-3′; and reverse,
5′-GCATCTCGAGTACTGAAAAATACAAATGCTTATCAG-3′. After PCR am-
pliﬁcation, the PCR products were digested with MluI and XhoI. All
fragments were simultaneously ligated in MluI/XhoI-digested pGL3-
basic plasmids overnight at 4 °C. After puriﬁcation, the reporter gene
constructs were co-transfected into HLE cells with an expression vector
containing wild type HSF4 or its mutants. Thirty-six hours after trans-
fection, the luciferase activities of cell lysates were analyzed with
Dual-Luciferase® Reporter Assay System (Promega).
2.4. DNA damage assay
For DNA damage assay, the pGL3-control luciferase reporters were
exposed to high dose of UVC irradiation (2000 J/M2). Then, the UVC-
damaged vectors were co-transfected with HSF4 and the mutants
into HLE cells. The non-irradiated pGL3-control plasmids were trans-
fected as the control [26].
The pGL3-control luciferase reporterswere digestedwith theHindIII
restriction enzyme (0.5 U/μg) for 20 minutes. The restriction-digested
vectors from phenol-chloroform extraction were co-transfected into
HLE cells with HSF4 and the mutants. The luciferase activities of the
whole cell lysates were measured 36 hours after transfection.
2.5. Chromatin immunoprecipitation assay
Cross-linked chromatin was extracted from HLE cells which were
transfected with HSF4 and immunoprecipitated with a HSF4 anti-
body, a rabbit polyclonal antibody puriﬁed by Abmart Inc with a
peptide (C-RLSPSSDGRREK-NH2) used as the antigen. As a negative
control, instead of HSF4 antibody, rabbit IgG was applied. The protocol
of Chromatin Immunoprecipitation Assay Kit (Millipore) was closely
followed. The precipitated DNA was used for PCR detection of the pro-
moter of Rad51 and HSP70 (as a positive control). The Rad51 and
HSP70 primers were as follows: 5′-CAGGAGAACAGAGAGGCACAATA-
AG-3′ (forward) and 5′-GGTGCATCTCTCTCCCCATCTT-3′ (reverse) for
Rad51, 5′-CCGCCACTCCCCCTTCCTC-3′ (forward) and 5'-CCGCCTTTTCC-
CTTCTGAGC-3′ (reverse) for HSP70.
2.6. Morpholino and immunohistochemistry
The antisense morpholino oligonucleotides (MOs, 5′-CTGGGTTC-
TCCTGCATGACTGCACT-3′) targeted for the HSF4 translational start
site (MO_ATG) and the standard control MO (CMO, 5′-CCTCTTACCT-
CAGTTACAATTTATA-3′) were synthesized by Gene Tools (Philomath,
OR). The MOs were injected into zebraﬁsh embryos at the 1- to 2-cell
stage at the required concentration.
Three days after MO injection, the zebraﬁsh were ﬁxed in 4% para-
formaldehyde (PFA) prepared in PBS overnight at 4 °C. The samples
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4 °C. Samples were embedded with O.C.T medium and 7 μm thick sec-
tions were cut. For non-speciﬁc blocking, 10% normal goat serum/
0.3% triton x-100/PBS solution was applied onto the slides for
1 hour at room temperature. Then the samples were incubated with
γ-H2AX antibody (1:400) overnight at 4 °C. After washing with PBS
three times, the sections were incubated with AlexaFluor 488 anti-
rabbit secondary antibody (Invitrogen) for one hour at 37 °C. By the
end of incubation with the second antibody, the sections were
washed three times and then stained with DAPI and observed under
a Nikon Fluorescence Microscope (Nikon Instruments, Inc., NY).
3. Results
3.1. HSF4 promotes DNA damage repair
To determine if HSF4 is involved in the repair of damaged DNA, we
ﬁrst exposed the pGL3-control plasmids to large doses of UVC
(2000 J/m2). Then the UVC exposed plasmids were co-transfected
into human lens epithelial (HLE) cells with HSF4. Thirty-six hours
after transfection, the luciferase activity of whole cell lysates were
measured. The results show that the luciferase activity decreased byFig. 1. HSF4 cataract mutations disrupt HSF4's capability of repairing the UVC-induced DNA
then co-transfected with HSF4 into HLE cells with the undamaged luciferase reporters as con
a signiﬁcant difference. (B) The UVC-damaged reporters were co-transfected with HSF4 ca
domains of HSF4 and the location of cataract mutations. The expression levels of HSF4 mut
of three replicate experiments and error bars show ±1.00 SD.UVC damage could be rescued by HSF4 expression (Fig. 1A). Mean-
while, there is a HindIII restriction site just before the translation
start site (ATG) of pGL3-control plasmid. The luciferase activity de-
clined signiﬁcantly when the plasmids were digested with appropri-
ate amounts of HindIII restriction enzyme. Similarly, HSF4 could
also rescue the luciferase activity decreased by DNA breaks caused
by restriction enzyme digest (Fig. 2). Moreover, immunoﬂuorescence
was performed to detect γ-H2AX, a DSB damage marker, in HLE cells.
γ-H2AX diminished remarkably in cells where GFP-HSF4 over-
expressed (Fig. S1). These results suggest that HSF4 plays a signiﬁcant
role in DNA damage repair.
3.2. HSF4 cataract mutations fail to repair the spontaneous DNA damage
To determine if HSF4 cataract-causative mutations affect the DNA
damage repair ability of wild-type HSF4, we constructed a series of
expression vectors expressing both wild type and mutated HSF4
proteins (A20D, R74H, R120C and L115P). Our results show that the
luciferase activity of UVC-damaged pGL3-control plasmids was not
rescued when co-transfected with the majority of HSF4 mutant
proteins (A20D, R74H and R120C) into HLE cells (Fig. 1B). We also
found that the HSF4 mutations failed to rescue the luciferase activitydamage. (A) The pGL3-control luciferase reporters were exposed to 2000 J/m2 UVC and
trol. Whole cell lysates were prepared 36 hours after transfection. The asterisk indicates
taract mutations and the truncations. Schematic diagram (top) indicates the primary
ations and truncations were detected by Western-blot (middle). Data are the average
Fig. 2. HSF4 cataract mutations abrogate HSF4's ability to repair the DNA breaks digested by HindIII restriction enzyme. (A) The pGL3-control luciferase reporters were restriction-
digested with HindIII enzyme (0.5 U/μg) for 20 minutes. Then, the digested reporters were co-transfected with wild-type HSF4 and the mutations and truncations into HLE cells.
After 36 hours, the luciferase activities of whole cell lysates were measured. The asterisk indicates a signiﬁcant difference. Data are the average of three replicate experiments and
error bars show ±1.00 SD. (B) Schematic representation of the digestion of pGL3-control luciferase reporter by HindIII restriction enzyme (top right). The digested luciferase
reporters were detected by agarose gel electrophoresis (left). The arrow indicates the position of normal pGL3-control vectors and M indicates the markers. The expression levels
of HSF4 mutations and truncations were also detected by western-blot.
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of γ-H2AX was detected in HLE cells where GFP-HSF4 mutant pro-
teins were overexpressed, which reﬂects an increase of DNA damage
(Fig. S1).
HSF4 is composed of three primary functional domains, the DNA-
binding domain (DBD), hydrophobic heptad repeats A and B (HR-A/B),
and the downstream of hydrophobic heptad repeats (DHR). To explore
which domain is essential for the DNA damage repair, each domainwas
deleted separately and cloned into vectors. After the co-transfection
with the damaged pGL3-control plasmids into HLE cells, the obtained
luciferase activity suggested that all three domains are indispensable
for the DNA damage repair, especially the DBD domain (Figs. 1B, 2A).
3.3. Identiﬁcation of a HSF4 binding element in Rad51 promoter
To explore the possible molecular mechanism(s) mediating the
repair of DNA damages by HSF4, we ﬁrst analyzed whether HSF4 is
localized at the DNA break sites. Subsequently, immunoﬂuorescence
was carried out in HLE cells to determine the possible co-localization
between GFP-HSF4 and γ-H2AX. We found an absence of such co-
localization (Fig. S2), suggesting that HSF4 mediates the repair ofDNA damages through an indirect mechanism rather than binding to
DNA break sites. Next, considering that HSF4 is a transcription factor,
we tested whether HSF4 gets involved in the repair of DNA damage
through regulation of transcription of a key DNA repair enzyme,
such as Rad51. The classical HSE consists of inverted repeats of the
pentameric sequence nGAAn. However, the HSF4 binding sites are
ambiguous and are composed of inverted repeats of nGnnn [27]. We
identiﬁed an HSF4 binding element with nGAAn repeats between
−125 and−98 of the Rad51 promoter (Fig. 3A).
To test the HSF4 binding element, three Rad51 promoter trunca-
tions (located from −2223, −1443, −479 to −1, named Rad51-
2.2 k, Rad51-1.4 k, Rad51-0.5 k respectively) were generated and
cloned into pGL3-basic vectors. These constructs were co-transfected
into HLE cells with HSF4 and the luciferase activity was measured
36 hours after transfection. The results show that HSF4 can promote
the luciferase expression of all three reporter constructs and identify
the presence of an HSF4 binding element between −479 and −1 in
Rad51 promoter (Fig. 3B). Furthermore, the HSF4 binding ability was
conﬁrmed by the chromatin immune-precipitation assay (ChiP)
using HSF4 antibodies (Fig. 3C). In sum, HSF4 directly binds to the
Rad51 promoter and regulates its expression.
Fig. 3. HSF4 enhances the expression of Rad51 by binding to the promoter. (A) Schematic representation of the standard HSE sequence and the presumed HSE of Rad51 and HSP70.
Black asterisks indicate the key nucleotides of standard HSE and red asterisks indicate the key nucleotides essential for HSF4 binding. Nucleotides that matched the nGAAn sequence
are shown in red characters. (B) Schematic diagrams of the construction of Rad51 promoter luciferase reporter (upper). The Rad51 promoter luciferase reporters were
co-transfected with HSF4 into HLE cells and the whole cell lysates were prepared 36 hours later. The asterisk indicates a signiﬁcant difference. Data are the average of three replicate
experiments and error bars show ±1.00 SD. (C) Rad51 promoter was ampliﬁed with PCR from Chip-enriched DNA of HLE cells. The HSP70 promoter was ampliﬁed as positive
control.
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wild-type HSF4
We next determined if HSF4 cataract mutations disrupt the Rad51
transcription induced by the wild-type HSF4. First, the HSF4 muta-
tions (A20D, R74H, R120C and R175P) and truncations (DBD and
DBD/HR) were co-transfected into HLE cells with Rad51-p0.5 k lucif-
erase reporters. The luciferase activity indicated that the Rad51 tran-
scription was decreased by the HSF4 cataract mutations and domain
deletions (Fig. 4A). Then, the whole mRNA was extracted from HLE
cells transfected with the wild and mutated HSF4. The Rad51 mRNA
levels were measured with qRT-PCR. Compared with the wild-type
HSF4, the HSF4 mutations induced the Rad51 transcription ineffec-
tively (Fig. 4B). Moreover, western blot was also performed to detect
the Rad51 protein levels in HLE cells where HSF4 mutations were
transfected. Consistent with the result of Rad51 mRNA levels, the
HSF4 cataract causative mutations disrupt the augmentation of
Rad51 protein levels. The reduced Rad51 protein level induced by
HSF4 causative mutations is accompanied with increased γ-H2AX
levels which indicates an aggregation of DNA damage (Fig. 4C). To
further conﬁrm that HSF4 promotes DNA damage repair that is
dependent on the Rad51 levels, we constructed Rad51 expression
plasmids with a Flag-tag. Then Rad51 expression vectors were co-
transfected with damaged luciferase reporter and HSF4 mutation
R74H into HLE cells for 36 hours. Our results indicate that Rad51 is
able to rescue not only the decreased luciferase activity, but also the
ineffective repair ability of the HSF4 mutation (Fig. 4D).
3.5. Camptothecin deprives the HSF4 DNA repair ability through
depressing the transcriptional control of Rad51
To explore how the environmental factors may affect the HSF4-
mediated repair of DNA damage, 1 μM camptothecin (CPT, a speciﬁcinhibitor of topoisomerase I) was added into HLE cells that were
co-transfected by HSF4 and HindIII-digested pGL3-control vectors
[28,29]. Twelve hours after exposure to the stimuli, luciferase activity
was tested. We found that CPT could repress the HSF4 involved in
DNA damage repair (Fig. 5A).
We then veriﬁed whether the decreased repair ability of the HSF4
DNA correlates with a decrease of Rad51 levels. HSF4 and Rad51-
p0.5 k reporters were co-transfected into HLE cells that were treated
with 1 μM CPT 24 hours after transfection. The luciferase expression
conﬁrmed that the addition of CPT inhibits the HSF4 binding ability
of the Rad51 promoter (Fig. 5B). The γ-H2AX levels were augmented
and the Rad51 protein levels were not enhanced by HSF4 expression
when HLE cells were treated with CPT (Fig. 5C). Thus, the binding of
HSF4 to the Rad51 promoter is essential for DNA repair.3.6. HSF4 knockdown in zebraﬁsh leads to accumulation of DNA damage
and decrease of Rad51 levels
To conﬁrm that HSF4 is involved in the repair of DNA damage in
vivo, morpholino-mediated knockdown was carried out. Three days
after HSF4 morpholino injection, frozen sections of zebraﬁsh lens
were stained with DAPI. We observed an incomplete denucleation
in the HSF4 morphants' lens. Meanwhile, immunoﬂuorescence was
performed to detect the γ-H2AX levels in the frozen sections of
HSF4 morphants lens at 48 h. The data showed an augmentation of
γ-H2AX in the lens when HSF4 is knocked down and demonstrates
an accumulation of DNA damage (Fig. 6A). Whole protein extracted
from three day old HSF4 morphants were then used for Western-
blot analysis. An increase of γ-H2AX and a decrease of Rad51 protein
levels were observed in HSF4 morphants. Interestingly, we also found
an increase of cleaved caspase3 in HSF4 morphants. This suggests a
potential involvement of HSF4 in apoptosis (Fig. 6B).
Fig. 4. HSF4 cataract mutations fail to promote the Rad51 expression levels. (A) Wild-type HSF4, the mutations and truncations were co-transfected into HLE cells with Rad51-
p0.5 k luciferase reporters. The luciferase expressions were estimated 36 hours later. (B) Whole RNA was extracted from HLE cells transfected with HSF4 and the mutations.
Then the Rad51 mRNA levels were detected by qRT-PCR. (C) Western-blot was performed to detect the γ-H2AX and Rad51 protein levels of HLE cells transfected with HSF4
and mutations. The DAPDH levels were the same as control. The asterisk indicates a signiﬁcant difference. (D) The Rad51 expression vector was transfected with damaged
PGL3-control reporter and HSF4 mutation R74H into HLE cells. Thirty-six hours later, the luciferase activity was measured. Error bars represent ±1.00 SD.
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HSF4, a transcriptional factor, regulates a group of speciﬁc lens
structural proteins play an essential role in lens differentiation and
maintenance of the lens’ normal functions. HSF4 cataract causative
mutations disrupt the HSF4 HSE binding abilities and reduce the
expression of lens structural proteins, such as the crystallins and
BFSP1/2 [19,30]. The accumulation of DNA damage in the lens is a
possible cause of senile cataract. It may also be associated with specif-
ic polymorphisms of genes involved in DNA repair. However, the mo-
lecular mechanism(s) of DNA damage repair in cataract formation,
especially congenital cataract, is still not well deﬁned. This study
demonstrates that HSF4 promotes the repair of DNA damage through
the regulation of Rad51, a key enzyme engaged in DNA repair. Our
study also found that HSF4 mutations that are associated with con-
genital cataracts fail to activate the expression of Rad51 effectively
and was incapable of mediating DNA damage repair. These results
present a new etiology of cataract formation.
Here we identiﬁed that HSF4 regulates the expression of Rad51
which is a key player in homologous recombination repair. Yet, the
expression levels of two genes, REV1-like and Ddit3, have also been
found to be altered in HSF4 knockout mice [9]. It has been suggested
that human REV1 is able to promote the homologous recombination
repair of DSBs. And, cells deﬁcient in REV1 display an increase ofDSBs and chromosomal aberrations after ionizing radiation [31]. At
the same time, Ddit3 (CHOP) is a crucial molecule mediating the en-
doplasmic reticulum (ER)-induced apoptosis by disturbing protein
folding [32]. Interestingly, it has been reported that Ddit3 interacts
with Rad51 and synergistically augments their DNA binding ability
[33]. The Ddit3 protein levels increased in the lens epithelial cells
from galactose-fed rats with a cataract phenotype [34]. Meanwhile,
the HSF4 binding elements can be found in the promoter of human
REV1 and Ddit3 (from −100 to −250 and from −300 to −450, re-
spectively). Consequently, HSF4 may participate in REV1-associated
HR and ER stress-mediated apoptosis, which may also be a possible
etiology of cataract.
EYA1, a human homologue of the Drosophila eyes absent gene
whose mutation causes congenital cataract, has been identiﬁed as a
protein tyrosine phosphatase. It has been reported that EYA1 pro-
motes the efﬁcient DNA repair by the dephosphorylation of an
H2AX C-terminal tyrosine phosphate (Y142) in response to DNA
damage. This process facilitates the recruitment of DNA repair factors
to the tail of γ-H2AX and then determines the efﬁciency of DNA dam-
age repair [35,36]. Coincidentally, the interaction between HSF4 and a
dual-speciﬁc tyrosine phosphatase DUSP26 was also identiﬁed [11].
Our studies demonstrated that the overexpression of HSF4 reduced
the γ-H2AX level and suggests that HSF4 may also be involved in
DNA damage repair by regulating the phosphorylation of H2AX.
Fig. 5. The enhancement of Rad51 levels by HSF4 was deprived by the camptothecin treatment. (A) The HLE cells were transfected with HSF4 and the HindIII-digested luciferase
reporters. After 24 hours, the HLE cells were treated with 1 μM Camptothecin for 12 hours and then the luciferase expression of whole cell lysates were measured. (B) The Rad51-
p0.5 k reporters and HSF4 were transfected into HLE cells for 24 hours and then the cells were treated and tested as described in (A). (C) The γ-H2AX and Rad51 protein levels of
HLE cells described in (B) were detected by Western-blot, with the GAPDH as control. The asterisk represents a signiﬁcant difference. Error bars show ±1.00 SD.
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H2AX may be essential for the lens differentiation and cataract
formation.
The present study led to some interesting observations. HSF4
failed to induce the expression of Rad51 when the cells were treated
with CPT. DNA damage induced by CPT is a reason why CPT selective-
ly slows down the dissociation of Top I -DNA cleavage complexes
[37]. It appears that the inefﬁcient dissociation of cleavage complexes
by CPT may depress the recruitment of the MRN complexes to the
DNA breaks promoted by γ-H2AX. Therefore, the failure of DNA
damage signal transduction by CPT treatment leads to the inhibition
of HSF4's DNA damage repair ability. Compared with the wild-
type HSF4, the HSF4 cataract mutations did not have an altered ex-
pression of Rad51 protein levels when the cells were treated withFig. 6. The DNA damage aggregated and the Rad51 expression decreased in HSF4 knockd
morpholino injection) was labeled with the γ-H2AX antibody (green). (B) The γ-H2AX, Ra
were tested and compared with the control morpholino (CMO) injection zebraﬁsh. The expCamptothecin. However, the expression of γ-H2AX and p53 were
higher in cells with overexpression of HSF4 in the wild-type
(Fig. S3). This ﬁnding suggests that the wild-type HSF4 may initiate
a p53-dependent pro-apoptotic process when the cells were exposed
to stress factors while the HSF4 cataract mutations failed to respond
to the DNA damage agents. Our observations suggest that HSF4
could potentially participate in the cell apoptosis induced by the envi-
ronmental stimuli.
In conclusion, we propose a novel molecular mechanism through
which the HSF4 mutations lead to congenital cataract. The disruption
of DNA damage repair may be a common molecular pathway essen-
tial for both congenital and senile cataract. With a reduction in the
damage of DNA, the development of congenital and senile cataract
could possibly be reduced or delayed in an effort to preserve vision.own zebraﬁsh. (A) The DNA damage in the lens of HSF4 morphants (48 hours after
d51 protein and cleaved caspase3 levels of HSF4 morphants (72 hours after injection)
ression of zebraﬁsh tubulin was the same as the control.
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